ABSTRACT In 1999, crop consultants scouting for stink bugs (Hemiptera spp.) in South Carolina discovered a formerly unobserved seed rot of cotton that caused yield losses ranging from 10 to 15% in certain fields. The disease has subsequently been reported in fields throughout the southeastern Cotton Belt. Externally, diseased bolls appeared undamaged; internally, green fruit contain pink to dark brown, damp, deformed lint, and necrotic seeds. In greenhouse experiments, we demonstrated transmission of the opportunistic bacterium Pantoea agglomerans by the southern green stink bug, Nezara viridula (L.). Here, green bolls were sampled from stink bug management plots (insecticide protected or nontreated) from four South Atlantic coast states (North Carolina, South Carolina, Georgia, and Florida) to determine disease incidence in the field and its association with piercing-sucking insects feeding. A logistic regression analysis of the boll damage data revealed that disease was 24 times more likely to occur (P ¼ 0.004) in bolls collected from plots in Florida, where evidence of pest pressure was highest, than in bolls harvested in NC with the lowest detected insect pressure. Fruit from plots treated with insecticide, a treatment which reduced transmission agent numbers, were 4 times less likely to be diseased than bolls from unprotected sites (P ¼ 0.002). Overall, punctured bolls were 125 times more likely to also have disease symptoms than nonpunctured bolls, irrespective of whether or not plots were protected with insecticides (P ¼ 0.0001). Much of the damage to cotton bolls that is commonly attributed to stink bug feeding is likely the resulting effect of vectored pathogens.
In 1999, a previously unreported seed rot observed in cotton, Gossypium hirsutum (L.), in South Carolina (SC), was reported to cause significant yield loss (Jones et al. 2000 , Hudson 2000 , Hollis 2001 ). This disease has since been observed in fields throughout the southeastern Cotton Belt (Hudson 2000 , Hollis 2001 . Initial attempts to identify a causal agent(s) of the disease were unsuccessful or inconclusive (Hudson 2000 , Hollis 2001 . Detection in affected fields is complicated by the absence of external symptoms on immature bolls. Disease symptoms on green fruit are found only inside bolls and include discolored lint and dead seed that are revealed only when infected immature bolls are crosssectioned or when mature bolls open. Both diseased and healthy locule(s) (boll compartments ranging from three to five) may occur in a single boll. The lint of an infected locule(s) is discolored and dense, resulting in a loss of available yield (Hudson 2000) .
A proposed disease paradigm for seed and boll rot includes 1) asymptomatic outer carpels of infected bolls, 2) incomplete maturity of fiber and seed, and 3) brown necrotic coloration of both fiber and seed tissue Stewart 2003, 2004) . demonstrated the role of Pantoea agglomerans (Ewing & Fife) in an opportunistic bacterial seed and boll rot of cotton by fulfilling Koch's postulates. In this greenhouse study, a syringe and needle were used to inject a suspension of a P. agglomerans mutant strain (Sc 1-R) with a molecular marker into healthy bolls to monitor the effects. Two weeks after inoculation of the pathogen, the symptoms observed were comparable with diseased field-grown fruit from which the P. agglomerans parental type was isolated . Superficial inoculations of the outer boll wall with the same infective Sc 1-R strain did not result in disease development. These observations indicated that a wound or entryway was needed for the disease to occur. Thus, it was hypothesized that infections caused by opportunistic pathogens in field-grown fruit are vectored by insects that pierce bolls during feeding and result in adverse effects on yield and fiber quality. Herbert et al. (2009) discuss management of stink bugs in cotton grown in the southeast. The cotton stink bug complex consists of the green stink bug, Chinavia hilaris (formerly: Acrosternum hilare) (Say), brown stink bug, Euchistus servus (Say), and the southern green stink bug, Nezara viridula (L.) and was ranked the third most important insect pest group in cotton in 2011 (Williams 2012) . Vectors of plant pathogens by true bugs (Hemiptera) were comprehensively reviewed by Mitchell (2004) . Apart from cotton, the rice stink bug, Oebalus pugnax (F.), has been attributed to transmission of several fungi associated with discolored (pecky) rice, Oryza sativa (L.), kernels (Kimura et al. 2008) . Soybean yeast-spot is caused by Eremotheicum ashbyi (Guilliermond ex. Routien) and has been reportedly associated with the bean stink bug, Riptortus clavatus (Thunberg), feeding (Lee et al. 1993) .
The feeding mechanism used by stink bugs (needlelike stylets) causes wounds on green bolls similar to those inflicted by the experimental technique of . Therefore, the southern green stink bug, N. viridula (L.), was used in a model to test for vector potential. Laboratory-reared N. viridula fed green beans soaked in a suspension of the P. agglomerans Sc 1-R strain derivative were capable of transmitting the bacterial pathogen into greenhouse-grown cotton bolls (Medrano et al. , 2009 ). The bacterial infection resulted in symptoms that could not be differentiated from those observed in diseased field samples ). Boll injuries caused by laboratory-reared insects not carrying the bacterial pathogen were limited to a puncture and did not cause discoloration or loss of lint and seed ). The vector model was then used to conduct a temporal examination of effects of feeding by stink bugs either harboring or void of a pathogen at various boll developmental stages (Medrano et al. 2009a ). The aim of collecting bolls throughout the southeast region was to determine if the observations made in the controlled greenhouse study that established the role of a piercing-sucking insect with boll damage and resulting disease could be confirmed in the field.
Materials and Methods
Sample Collection. In 2006 , 2008 , and 2009 , immature green cotton bolls were sampled from stink bug management field plots in North Carolina (NC), South Carolina (SC), Georgia (GA), and Florida (FL) in mid-August. All of the field-grown cotton was either Bollgard I or Bollgard II varieties (Monsanto, St. Louis, MO), and were not treated for Heliothine insects. In each state, the experiments were conducted as randomized complete block designs. The treatments were insecticides applied weekly for stink bug protection versus unprotected plots, with four replications. Fifteen bolls 14-21 d postanthesis ($2.54 cm in diameter) were collected from each plot and were typically found five to eight nodes below the node of the uppermost white flower. The collections were shipped overnight in an unrefrigerated cooler to College Station, Texas (TX), for analysis.
Boll Processing. Bolls that had evidence of bollworm feeding, no petiole, or had prematurely cracked were discarded. Remaining boll surfaces were sterilized by washing for 10 min in a 0.5% solution of sodium hypochlorite and then rinsed for 2 min in sterile water three times. After excising using a sterile scalpel, an individual boll was partitioned into its separate locules (three to five per boll), and each compartment was scored for visual evidence of feeding by piercingsucking insects (punctures on the inner carpel wall), as documented in Medrano et al. (2011) . As determined by Medrano et al. (2011) , a callus (i.e., wart) occasionally forms over the puncture; thus, these growths were considered puncture points. Symptoms of infection on lint and seed tissue, as illustrated in Medrano et al. ( , 2009a , were recorded. Bolls were considered diseased if one or more locules appeared infected (i.e., discolored lint and seed) and regarded as a boll rot complex.
Statistical Analysis. Data were recorded as a binary response for each locule per boll for presence or absence of a puncture and of disease. Data were then summarized for each boll. The data model for PROC LOGISTIC included the determinations "6 puncture" and "6 diseases", as determined by laboratory examination of the samples received. The disease presence data were modeled with state, treatment (Pesticide application or not), and puncture (presence or absence) and their interactions classified as fixed effects. State was considered a whole plot factor and year Â state was the error term for testing state effects. Year and locule within boll within rep (subsample variability) were classified as random effects. This model was analyzed using SAS Procedures GLIMMIX using a binary distribution and the logit link function to obtain estimates for comparative probabilities of occurrence, odds ratios, and multiple comparisons among treatment combinations of interest (SAS Institute ver. 9.3, 2012, Cary, NC) . The model output in SAS is presented alphanumerically by factors and when comparing 2 treatment combinations in some cases the odds ratio are <1.0; for ease of interpretation, the odds ratio is inverted, making it >1. Thus, simultaneously, the interpretation inverts the order of the treatment comparison. For instance, the odds ratio of disease in a locule not punctured to a locule that is punctured is 0.008. Calculating the inverse (i.e., 1/0.008 ¼ 125) is interpreted as the odds of disease in a punctured locule is 125 time greater than in nonpunctured locule. In Table 2 , all odds ratios are presented as values >1.
Results and Discussion
Eighty-three percent of the collected bolls over the duration of the study were suitable for processing following transport to TX. Thus, the overall data set consisted of 1,610 bolls with a total of 6,503 locules analyzed. Puncture wounds were detected in (47%) of the locules samples from the analyzed data set (12% of locules from pesticide-protected plots and 35% of August 2015 MEDRANO ET AL.:VECTOR-BORNE COTTON BOLL DISEASElocules from unprotected plots). The incidence of piercing-sucking insect damage and disease increased from north to south (NC < SC < GA < FL; Table 1 ). Boll damage was lowest in 2006 and highest in 2008 (Fig. 1) . Notably, evidence of insect feeding occurred in all four years (Fig. 1) . A significant increase in the potential for disease because of the presence of punctures by piercing-sucking pests was observed in the data (F ¼ 558; ddf ¼ 532; P < 0.0001). Disease was > 20 times more likely to occur in samples from the plots located in FL (24 times; t ¼ 3.8; ddf ¼ 9; P ¼ 0.004) and GA (21 times; t ¼ 3.6; P ¼ 0.005) compared with NC, where disease occurrence was lowest across all years (Table 1) . By far, the greatest incidence of disease was found in bolls that had been punctured. In every state, plots protected with pesticides had a lower disease incidence compared with unprotected plots; FL had the smallest difference in disease incidence at 11% and GA had the largest with 30%. A significant difference was detected (F ¼ 6.6; ddf ¼ 9; P ¼ 0.012) in the incidence of disease in plots among the four states. The probability of disease in plots protected with insecticide was lower than in unprotected plots (state Â treatment interaction; F ¼ 6.9; ddf ¼ 5937; P ¼ 0.002) across all states. Further, the overall effect of treatment (pesticide protected or unprotected) and the incidence of punctures revealed differences in relation to disease (treatment Â puncture interaction, F ¼ 4.15; ddf ¼ 5937; P ¼ 0.04). The state Â puncture interaction was not significant (F ¼ 1.66; ddf ¼ 5937; P ¼ 0.174), indicating that the presence of a puncture in a boll was just as likely to be associated with disease incidence from any of the plots sampled, regardless of state of collection.
Collectively, the odds of disease in bolls with detected puncture wound increased by 125 times (t ¼ 23.6; ddf ¼ 532; P < 0.001) in every state over all the years sampled. Regardless of the pesticide treatment, bolls with undetected wounds had symptoms of disease at <5%; however, the disease incidence in these bolls occurred at a hundred fold less than that of punctured bolls. Infection can also be acquired by means other than an insect vector (Cauquil 1975 ) and this phenomenon was observed in this study (Table 2) . Previously, the opportunistic bacterial pathogen used in greenhouse experiments was isolated from a diseased field cotton boll sample and transmitted by laboratory-reared insects . In another study, we used greenhouse plants to show that the southern green stink bug is a vector (or not) of other disease agents (Medrano et al. 2009b ). In both cases, feeding on bolls by the colony insects not previously exposed to a pathogen of cotton resulted in minimal effects on mature fiber. Still, a correlation of the greenhouse experimental results to the disease dynamics in the field was not analyzed. Thus, the data from field-grown boll samples presented in this paper demonstrated comparable results of the pathogen-vector relationship observed previously in the greenhouse. The likelihood of infection to occur was not statistically different in bolls collected from protected or unprotected plots, provided that evidence of feeding by a piercing-sucking insect was detected; this further suggested a pathogen transmission effect in the field.
Economic entomologists, pest managers, and consultants determine the necessity to apply insecticides largely based on pest threshold detection. Regardless, piercingsucking insect detection has not always correlated with crop yield-associated losses from season to season (Barbour 1988; Toews and Medrano 2010) . Thus, pest thresholds may not necessarily correspond to yield losses associated with piercing-sucking feeding pests. This work suggested that in a season when boll-piercing insects are harboring pathogens, transmission will likely result in more destruction of the infested field than in a season when these pests are not carrying a pathogen.
These data and related findings reported by the authors reaffirm that piercing-sucking pests such as stink bugs, including N. viridula, vector boll pathogens.
As stated above, over 6,000 locules were analyzed. Presently, we are working on differentiating between pathogens and saprophytes because there appears to be a complex of infective microbes. To study the genetics of infectivity, a known vectored pathogen Pantoea's genome was determined using "next-generation" DNA sequencing technology (Medrano and Bell 2012) . The pathogen's genome likely will lead to the identification of DNA-encoded products that could be used as targets to detect pathogen reservoirs vectors, or both carrying disease-causing agents. The ultimate goal is to develop technology to alert producers of potential infectious agents in piercing-sucking pests, as well as determine when very few vectors carry pathogens and, thus, minimize pest management expenditures.
The current study along with laboratory-reared insect studies provides a partial explanation as to why infestations by piercing-sucking pests may result in increased losses of marketable yield if the insects are harboring and transmitting pathogens. In conclusion, we propose that a plausible reason for a higher than expected yield loss in seasons with low pest pressure may be attributed to the acquisition and transmission of microbial pathogens, causing a significant decrease of the marketable commodity. Therefore, we will conduct future studies during seasons conducive for insects to carry pathogens along with potential reservoirs.
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